A systematic study has been conducted to investigate the influence of silane treatment on the interfacial shear strength of glass fibre/epoxy composites by means of microbond tests, and to clarify the relationship between the interphase consisting of physisorbed and chemisorbed silanes on glass fibre surfaces and the corresponding interfacial shear strength.
Introduction
It is clear that the glass fibre/matrix interface region is not a simple layer, but consists of complex structure. The multilayer is considered to consist of physisorbed and chemisorbed silane [1] [2] . Many studies on glass fibre/matrix interphase and the relationship between the interphase and the composite properties have been reported in recent years [3] [4] [5] . However, it is still difficult to understand the relation among the interfacial adhesion, interphase structure, and composite properties. To data, the experimental methods used to characterize the fibre/matrix adhesion levels in composites have mainly relied on the use of single fibre-matrix adhesion and failure modes. One of methods is the microbond test, which is a modified pull-out test and developed by Miller at al [6] . Due to its handling simplicity and capability for almost any fibre/matrix combinations, this method is useful to quantify the fibre/matrix interfacial strength. In this report, this technique is used to investigate the relationship between the interfacial structure and the strength properties of glass fibre/epoxy interphase by choosing silane coupling agents which can couple or non-couple between the matrix and the glass fibre surface.
Experimental
A new test machine was developed for microbond tests for the present study (available from TOHEI SANGYO, Ltd., Tokyo). Both placement of microdroplets and pull-out tests can be conducted in an environment chamber with atmosphere and temperature control. Untreated E-glass fibres with a diameter range of 13-15!J.m were chosen and supplied by Nippon Glass fibre Co.Ltd. Three types of silane coupling agents used in this study were: y-aminopropyltriethoxysilane, A1100(APS), y-glycidoxypropyltrimethoxysilane, A-187 (epoxy silane), and y-methacryloxypropyltrimethoxysilane, A-174 (methacryl silane). The aqueous solutions of silane coupling agent dissolved in deionized water were acidified with acetic acid at pH=4.0. Untreated glass fibres were immersed into the solutions of 0.1, 0.5, 1.0 wt% APS, 0.5 wt% epoxy silane and 0.5 wt% methacryl silane, respectively, at room temperature for 3 min. Then 0.1, 0.5, 1.0 wt% APS-treated and 0.5wt% epoxy silane-treated glass fibres were washed thoroughly with two fresh batches of methanol to remove physisorbed silane from the glass fibre surface. The treated and washed glass fibres were dried at 100°C for 20 min. Bisphenol-A type epoxy resin (Epikote 828, Yuka-Shell) and triethylenetetramine (TETA) as hardener were used in 100:11 weight ratio to make the microdroplet of resin on surface of glass fibre. The microdroplets of uncured resin were placed on the fibre with a fine needle and efforts were made to keep the droplet length in the range of 60-100flm and cured in position. After initially cured at 60°C for 80 min, samples were post-cured at 100°C for 1 h. Figure 1 shows a micrograph of epoxy resin micro droplets on a single fibre with 13 urn in diameter. Table 1 shows the interfacial shear strength for APS, epoxy silane and methacryl silanetreated glass fibres. The most significant increase was obtained for the specimens treated with 0.5 wt% epoxy silane. For APS-treated fibres, improved interfacial shear strengths were also obtained in 0.1 and 0.5 wt% concentrations. However, glass fibres treated with methacryl silane provided the lowest interfacial shear strength. The results suggest that the stronger bonding between epoxy resin and fibre surface occurred using APS and epoxy silane, while the same result could not been observed by using methacryl silane to treat glass fibres. This is due to the fact that double bond groups of methacryl silane cannot react with epoxy group in epoxy resin.
The maximum interfacial shear strength was obtained at 0.5 wt% concentration for APS. This indicates that excessive amount of silane for treating became less effective with increasing thickness of the silane interphase, as has been observed by others [6] [7] . The comparison of the interfacial shear strengths of unwashed and methanol-washed glass fibres in 0.1, 0.5, 1.0 wt% APS and 0.5wt% epoxy silane concentrations is shown in Figure 3 . There is a significant difference in interfacial shear strength between unwashed and washed cases for 0.1 and 0.5 wt% concentrations of APS. Over 13% increase is obtained by methanol washing. It is obvious that the removal of physisorbed silane from the interphase improved the adhesion between treated glass fibre and epoxy resin. In high concentration, because the increase in treating concentration increases the thickness of the silane deposited on fibre surfaces [8] , the methanol-washing is not effective to improve the interfacial shear strength even though the physisorbed silane might be removed from the surface of glass fibre. In this case, although the possible chemical 0.1 0.5 1 0.5 APS APS APS Epoxy silane Concentration of Silane Solution (wt%) Fig. 3 Influence of methanol-washing on interfacial shear strength bonding between resin and silane can occur, the effective stress transfer from matrix to the glass fibre cannot take place because the longer siloxane sequence exists in interphase regions or such an interphase cannot withstand the larger stress. Because of the special structure of epoxy silane, the removal of physisorbed silane from the surface of an epoxy silane-treated glass fibre should also become effective for improving the interfacial shear strength like APS. However, the results obtained in Figure 3 show the nearly same shear strength in unwashed and washed cases. Therefore, further studies are necessary for interpretation of this phenomenon.
Conclusions
(1) Micromechanical studies of adhesion between epoxy resin and glass fibre treated by three types of silane coupling agents were conducted. For APS and epoxy silane where direct coupling could occur through the aminopropyl group or epoxy group, high interfacial shear strengths of 51.07 MPa and 53.83 MPa were obtained, respectively. However, for methacryl silane where direct coupling with epoxy matrix cannot occur through double bond groups, only the interfacial shear strength of 29.38 MPa was achieved.
(2) High concentration for treating glass fibre was not effective for APS. The possible reason is that the effective stress transfer from matrix to the glass fibre cannot take place because the longer siloxane sequence exists in interphase regions or such an interphase cannot withstand the larger stress. (3) The removal of the physisorbed silane improved the interfacial shear strength of Eglass fibre/epoxy resin when y-aminopropyltriethoxysilane was used to treated glass fibre at O.lwt% and 0.5wt% solution concentrations.
